Neutrophils from healthy elderly donors generate significantly less diacylglycerol (DAG) and inositol triphosphate (IP,) than neutrophils from young donors, following stimulation by the chemotactic peptide, formyl-methionyl-leucylphenylalanine (FMLP). The defect in signal transduction occurred at a point proximal t o the generation of IP, and DAG, since the reduction in FMLP-induced superoxide generation was corrected if the intervening signal transduction steps were bypassed, either by priming with a substimulatory dose (1.62 nmol/L) of phorbol myristate acetate (PMA), by ionophore elevation of cytosolic calcium, or by using a stimulatory dose of PMA (1.62 pmol/L). FMLP receptor number and affinity were unaffected by aging. On FMLP activation, neutrophils from old, as compared with young, volunteers showed significantly greater and more longlasting decreases in the concentrations of phosphatidylinosito1 (PI), phosphatidylinositol 4-monophosphate (PIP), and phosphatidylinositol 4.5-bisphosphate (PIP,). This indicates a N CONTACT with the chemotactic peptide, formyl-0 methionyl-leucine-phenylalanine (FMLP), neutrophils undergo a series of biochemical events leading to a variety of antibacterial defensive actions including chemotaxis, phagocytosis, superoxide production, and lytic enzyme release.'.' Formyl peptide stimulation of neutrophils is a receptor-mediated event involving the transduction of a "signal" across the plasma membrane via a guanosine triphosphate-binding (GTP-binding) protein to activate at least two phosphodiesterases, phospholipase C (PLC) and phospholipase D (PLD)., PLC modulates the breakdown of phosphatidylinositol-bis-phosphate (PIP,) into the "second messengers" diacylglycerol (DAG) and inositol triphosphate (IP3).4 Diacylglycerol binds directly to and activates protein kinase C (PKC), which in turn phosphorylates a series of proteins, some of which may be involved in the activation of an NADPH oxidase.' Inositol triphosphate has been implicated in mediating the release of internal stores of calcium.6 PLD activation results in the formation of phosphatidic acid (PA) from phosphatidylcholine (PC).' PA plays an important role in signal transduction by acting as an endogenous ionophore facilitating mobilization of ionizable calcium to the cytosol and as a major activator of the NADPH oxidase.*x9
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Recent studies indicate that a general decrease in function occurs in neutrophils taken from healthy aged individuals. Using a variety of stimuli, age-related decreases have been demonstrated in superoxide production, phagocytic cytotoxicity, and enzyme release."" In FMLPstimulated neutrophils, age-related decreases have been observed with chemotaxis, superoxide production, and lytic enzyme a~tivity.'~"' Our own studies have suggested that the observed functional deficits may reflect diminished calcium mobilization in FMLP-stimulated neutrophils from aged individuals.I6 This defect also appears to be located in the membrane or receptor-G-protein-phospholipase complex, because normal functional capacity is restored in old donor's neutrophils when this area of the pathway is bypassed with phorbol-ester (phorbol myristate acetate; PMA) stimulation." reduction with age in the metabolically active precursor pools responsible for the generation of IP, and DAG. In contrast, aging had little effect on the production of phosphatidic acid (PA), which has recently been suggested t o serve as a major activator of the NADPH oxidase. This may explain why the decrease in IP, and DAG production was not accompanied by a comparable decrement in superoxide generation, which was only 17% lower in the old than in young donor neutrophils. Thus, aging is associated with reductions in the concentration of critically important phosphoinositides, resulting in diminution in the ability t o produce key second messengers. Although the aged neutrophil is largely able t o compensate for the decrements in signal transduction, its reserve capacity is compromised, making it particularly vulnerable t o external insults that also impair Here we report on the effect of age on the ability of the neutrophil to generate second messengers, DAG, IP,, and PA, on FMLP stimulation. We demonstrate a reduction in the polyphosphoinositides required for IP, and DAG generation, which can account for the age-associated attenuation of these second messengers. The neutrophil has the ability to compensate for these significant decrements in the early signal transduction pathway, perhaps by assuring adequate PA production that is not significantly compromised with age.
Lipidex, Inc (Westfield, NJ). Ionomycin was obtained from Calbiochem (La Jolla, CA). ,H-FMLP and Aquasol were purchased from New England Nuclear (Boston, MA). Kieselgel 60 plates were purchased from E.M. Scientific (Cherry Hill, NJ). Fura-2 acetoxymethyl ester (Fura-2 AM) was obtained from Molecular Probes (Eugene, OR). My0-[2-~H]inositol and D-myo-inositol 1,4,5-triphosphate (IP,) [,HI Assay System (IP, assay system) were purchased from Amersham (Arlington Heights, IL). "P as "P-ATP and H,)2P0, were received from ICN Biochemicals (Cleveland, OH). Dowex AGl-X8 columns were purchased from Bio-Rad Laboratories (Richmond, CA). These and all other reagents used were of the highest level of purity available.
Cells. Heparinized venous blood was collected from healthy male and female volunteers after obtaining appropriate informed consent. Thirty-two young (ages 18 to 30) and 26 old (ages 65 and above) volunteers were all very carefully screened to exclude the presence of diseases or medications that could affect neutrophil function as described previously." Neutrophils were isolated from whole blood by centrifugation after layering over equal volumes of Histopaque 1077 layered over Histopaque 11 19. Isolated neutrophils (> 99% granulocytes, < 5% eosinophils) were washed several times with tris buffer without Ca" or M e , containing 6.0 mmol/L tris base, 0.15 moVL NaCl, 0.5 mmoVL glucose, 5.0 mmoVL KCI, and 1.0 mmoVL EGTA, adjusted to a pH of 7.4 and resuspended in the appropriate buffer for the experiment. Yital staining with trypap blue was greater than 95%. Washing neutrophils in calciumand magnesium-free buffers markedly reduced variability and minimized nonspecific priming that occurred commonly in neutrophils obtained from healthy elderly volunteers.
FMLP receptor number and affinity was measured using the technique described by Pike and Sn~derman.'~ Briefly, 25 pLof incubation buffer containing the desired concentration of labeled FMLP was added to duplicate tubes containing 25 pL of incubation buffer alone or buffer containing a 1,000-fold excess of unlabeled peptide. Reactions were started by carefully adding 100 pL containing 1 x 106 neutrophils. The tubes were then vortexed and incubated at 37°C for 30 minutes in a shaking waterbath. The reaction was then stopped by the addition of ice-cold buffer and rapidly filtered using Whatman filters (Hillsboro, OR) placed over a vacuum apparatus. The tube and the filters were washed with an additional 15 mL of cold buffer. The filters were transferred to a counting vial, dried, and after adding 10 mL of scintillation fluid, the radioactivity was determined. From this total, specific and nonspecific binding of FMLP was determined. All measurements were obtained in triplicate. Results were analyzed using the Enzfitter program (Biosoft, Milltown, NJ).
1,2-sn-Diacylglycerol analysis. DAG was assayed essentially according to the method of Preiss et a1,'"which converts 1,2-sn-DAGs to phosphatidic acid, Briefly, 7 x lo6 neutrophils per treatment were suspended in tris buffer containing 1.0 mmol/L Ca2+ and 0.5 mmol/L Mg2+ and stimulated with moVL FMLP as described previously. The reaction was stopped by the addition of 2.0 mL ice-cold methano1:chloroform (2:1, volhrol) and neutral lipids extracted according to the method of Bligh and Dyer?' The crude lipid residue was dried under N, and solubilized in a 20-pL solution of 7.5% octyl-p-D-glucoside and 5.0 mmoVL cardiolipin in 1.0 mmom DETAPAC with sonication. To the lipid mixture, 50 pL of 2X reaction buffer containing 100 mmoVL imidazole HC1, 100 mmol/L NaCl, 25 mmol/L MgCl,, and 2.0 mmoVL EGTA (pH 6.6) was added, along with 2.0 pL from 100 mmol/L dithiothreitol and 5.0 pg of commercially prepared 1,2-sn-diacylglycerol kinase for a final volume of 90 pL. The reaction was started by the addition of 10 pL of 5.0 mmoVL ["P-ATP] (100,000 to 500,OOO cpdnmol) and allowed to stand at room temperature until completion (approxiMeasurement of the FMLP receptor. mately 45 minutes). After neutral lipid extraction, as described previously, aliquots of the lipid phase were subjected to thin layer chromatography on Kieselgel60 plates developed with chloroform: methano1:acetic acid (70155, voVvoVvol). Autoradiography was performed and the spot corresponding to ["PI phosphatidic acid was scraped into vials containing 10 mL of aquasol and counted by liquid scintillation. The original amount of 1,2-sn-diacylglycerol in each sample was determined from standards of 1,2-dioleoyl-snglycerol that were worked up through the procedure and used to generate standard curves.
Inositol phosphates were measured by either the radiolabeling method of Berridge et a1,22 as modified by Meshulam et al : ' or by the IP, assay system. Neutrophil phospholipids were radiolabeled by incubation with 30 FCimL of my0-[2-~H]-inositol for 2 hours, at 37"C, in phosphate-buffered saline (PBS) buffer, at a cell concentration of lo7. After several washings, the neutrophils were resuspended in PBS, prewarmed at 37°C for 10 minutes, and stimulated by lo-' m o w FMLP. The reaction was stopped at the indicated times with the addition of 1.0 mL ice-cold 15% (wthol) trichloroacetic acid (TCA). m e r extraction with chloroform, the crude inositol phosphate preparations were loaded onto Dowex AG1-W (formate) columns and inositol phosphates eluted sequentially with stepwise additions of solutions of increasing concentrations of formate. In the IP, assay system, cells were isolated, stimulated, and the reaction stopped with TCA as described previously. The supematants were then extracted 3X with 10 vol of H,O saturated diethylether and the pH adjusted to 7.5 with NaHCO,. Aliquots of the samples (100 pL) were then mixed with 100 pL of the assay buffer, 100 pL of 0.75 pCi D-myo-['H] inositol 1,4,5 triphosphate tracer, and 100 pL of the IP,-binding protein preparation. The samples were vortexed and incubated for 15 minutes on ice. The protein-bound IP, was then separated from the unbound by centrifugation at 1, OOOg for 3 minutes at 4°C. The isolated pellets were then placed in a vial with 2 mL of Aquasol and counted by liquid scintillation. A measurement of the percent of bound/unbound IP, was calculated and read against a standard curve generated from standard amounts of IP, worked up through this procedure.
Tumover of phosphatidylinositol (PI), phosphatidylinositol 4-monophosphate (PIP), PIP,, and the generation of PA were measured using the method described by Volpi et al." Neutrophils were incubated in the presence of 150 pCi HfPO, in a temperature-controlled water bath at 37°C for 1 hour. At the end of the incubation time the cells were pelleted by centrifugation (2,OOOg) and the supernate removed by suction. Cells were resuspended in modified Hank's salt solution at a concentration of l@/mL. Aliquots of 1 mL each were sampled into glass tubes of 15-mL capacity and left for 5 minutes in a rotary bath at 37°C to equilibrate. The reaction was initiated by the addition of moVL FMLP. The reaction was stopped, at the required time points, by the addition of 5 mL of hexane isopropanol/ concentrated HCL to give a h a 1 concentration of 0.1 mol/L (300:200:4 by volume). Samples were mixed with a vortex and the extraction allowed to proceed overnight at ice-bath temperatures. The next day the samples were mixed for 1 minute with the vortex and centrifuged at 2,500g for 5 minutes to separate the two phases. The top organic phase was removed with a pipette and transferred to glass tubes of 10-mL capacity; the bottom phase was washed once with 2 mL Hexane (Fisher Scientific, Fair Lawn, NJ) and the top organic phase removed and pooled with the previous one. Tubes containing the organic phase were dried under a stream of nitrogen. The lipids were redissolved in 100 pL of hexane/ isopropanol (ratio 3:2). Aliquots of 20 pL were spotted on precoated thin layer chromatography (TLC) plates. The plate was developed in one dimension in chloroform-methanol/20% meMeasurement of inositol phosphates.
Measurement of neutrophilphosphoinosifides.
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From thylamine, (60:3610 by volume). The developed plates were dried at room temperature and placed overnight in x-ray film to visualize the radioactive lipids. The following day the film was developed and realigned with the plate and each lipid isolated by puncturing the film and the silicon layer under it with a needle. The layer containing the lipids was removed with a razor blade and placed in vials with 10 mL liquescent for counting. The various lipids were identified by appropriate standards.
Superoxide generation was assayed in whole neutrophils by measuring the continuous reduction of ferricytochrome C at 550 nm in a Gilford Response I1 spectrophotometer (Ciba Corning Diagnostic Corp, Oberlin, OH). The method used was similar to that described by Newburger et al. cin equilibration of the loaded neutrophils with saturating and nominally zero levels of Ca2' as described by Scanlon et All results were analyzed by computer using the Statistical Analysis System (SAS Institute, Cary, NC) or Statpak (Northwest Analytical, Inc, Portland, OR). Values were reported as the means 2 standard error of mean (SEM). Significant differences between data sets were determined by Student's t-test or paired t-test. P values of <.05 were considered to be significant.
Statistical analysis.

RESULTS
We first assessed the effects of age on the FMLP receptor number and affinity in intact neutrophils. (For convenience, neutrophils obtained from young and old individuals will be tgrmed young and old neutrophils, respectively.) Figure 1 demonstrates that in the intact cell, aging does not cause an alteration in receptor number or affinity. Specific, nonspecific, and total binding were found to be identical in young and old neutrophils. Using Scatchard plot analysis, receptor number in the young averaged 51. We then investigated the ability of neutrophils to generate second messengers by measuring the generation of DAG and IP, after FMLP stimulation. Basal DAG levels were slightly higher in young neutrophils than in old, but not significantly so. In young neutrophils, initial generation of DAG peaked approximately 15 seconds after stimulation by mol/L FMLP (Fig 2) with a mean value of 251.4 2 32.8 pmoYlO' cells, which was 56% above the basal level. A secondary, more sustained increase in DAG began at approximately 45 seconds after stimulation and continued past our last time point of 2 minutes (Fig 2) . However, in old neutrophils the initial DAG generation was suppressed (Fig 2) : DAG levels were no higher at 15 and 30 seconds than before FMLP addition, and significantly lower than the corresponding values attained in young neutrophils (P < .01). A secondary increase of DAG occurred in the old neutrophil at 45 and 60 seconds, but DAG levels remained 20% and 30% below those of the young.
The ability of old neutrophils to generate IP,, measured by both a radiolabeling assay (Fig 3A) and by an IP,-specific assay system, was also markedly reduced (Fig 3B) . After stimulation with lo-' mol/L FMLP, the level of cellular IP, increased in young neutrophils to eight times above the basal level (Fig 3A) or two times basal (Fig 3B) , depending on the assay method used. Results measuring IP, by the radiolabeling assay are shown in Fig 3A. Basal levels were not significantly different in the two groups. Twenty seconds after FMLP stimulation, IP, concentrations in old neutrophils were only 36% of the level achieved in the young. With this assay, we were also able to measure relative levels of inositol biphosphate (IP,) and inositol monophosphate (IP,) after FMLP stimulation and found generally higher concentrations of these inositol phosphates in young neutro- Fig  3B) . The peak levels of IP, by both methods was noted at approximately the same time after stimulation as the peak DAG level (Fig 2) . By 1 minute, IP, levels decreased to near basal levels. In old neutrophils, the basal IP, concentration was measured at 3.59 2 0.25 pmol/106 cells, which was not significantly different from the young. However, the ability to generate IP, after stimulation was severely diminished in old neutrophils, reaching a maximal concentration of only 7.43 2 1.09 pmol/106 cells, which was 54% of the concentration achieved in young neutrophils at the same time point (20 seconds after stimulation).
We subsequently analyzed the effect of age on the turnover of PIP,, PIP, PI, and PA. Prompt and parallel decreases in PIP, PIP,, and PI occurred in young and old neutrophils stimulated by FMLP (Fig 4) . For each phosphoinositide, the initial decrease was significantly greater, and the subsequent increase to and above baseline was both delayed and attenuated in the old as compared with the young neutrophils. For personal use only. on September 14, 2017. by guest www.bloodjournal.org From activation, increasing to 80 (k3)% at 30 seconds and to 90 (24)% of basal by 1 minute. In the old, PIP, decreased to 70 (+7)% of basal at 15 seconds, decreasing further to 55 (c6)% of basal at 30 seconds. The level at 1 minute remained 55 (k4)% of basal, after which time a gradual increase was observed (Fig 4A) . Similar patterns were noted for PIP and PI (Fig 4, B and C) . In both the young and the old radioactivity appeared promptly in PA. Although lower in the old, generation of PA was not significantly different at any time point after FMLP activation (Fig 4D) .
To further localize the age-dependent deficit in signal transduction we undertook several experiments that attempted to bypass the defect. We first measured superoxide production in young and old neutrophils by stimulating the cells with moVL FMLP (Fig 5A) . Superoxide generation in young neutrophils averaged 11.40 ? 0.66 nmol O; / 106 cells/5 min, which was significantly higher than a value of 9.44 f 0.49 nmol 0,-/106 cellsH min in old neutrophils (P < .05). In contrast, all age-dependent differences were abolished when we stimulated the neutrophils with 1.62 pmoVL PMA, which effectively bypasses the membrane receptor activating the signal transduction pathway by direct stimulation of PKC (Fig 5B) .
We also wished to determine if priming with substimulatory doses of PMA had any effect on the age-related differences in FMLP-induced superoxide production. Neu- trophils were first exposed to 1.62 nmol/L PMA, 1 minute before the addition of mol/L FMLP. Superoxide production increased dramatically in primed neutrophils (Fig 5C) when compared with unprimed cells (Fig 5A) . In primed young neutrophils superoxide generation averaged 23.12 f 1.55 nmol/L 0,-/5 min/106 cells, which was not significantly different from a value of 21.33 f 1.27 nmoVL 0,-/5 min/106 cells achieved in old neutrophils.
Increasing the level of free calcium in the cells before stimulation also eliminated the age-related difference in FMLP-generated superoxide production. Young and old neutrophils were subjected to 0.5 pmol/L ionomycin 1 minute before stimulation with W7 mol/L FMLP (Fig 5D) . Using Fura-2 AM, we determined that basal free cytosolic calcium concentrations were not significantly different, averaging 69. 84.0 nmol/L in the old, indicating no effect of age on the ability of neutrophils to mobilize calcium after ionophore treatment. At the time of stimulation with FMLP (1 minute), the free cytosolic calcium concentrations had decreased to very similar concentrations of 660.9 f 31.8 nmol/L for the young and 675.4 2 41.4 nmoVL for the old. No additional increase in cytosolic calcium occurred after FMLP addition to either young or old ionomycin-treated cells. Generally, neutrophils which were pretreated with ionomycin sustained the production of superoxide longer and attained somewhat higher levels than those that were not pretreated. When cytosolic calcium was increased by this mechanism superoxide generation was indistinguishable in young and old neutrophils (Fig 5D) . The previous findings indicate that the age-related defect in signal transduction must occur at a point proximal to the generation of IP, and DAG.
DISCUSSION
Age-related decreases in cellular function have been attributed to reductions in transmembrane signalling efficiency in a variety of cell types, including lymphocyte~,Z~~~ parotid cells,'3m35 neurons,36 and pituitary cells.37 In neutrophils from aged individuals, reduced chemotactic peptideinduced transmembrane signaling has been shown to lead to a reduction in chemotaxi~,'~ superoxide production," and lytic enzyme activity." These decreases in function have been linked to a reduction in the ability of old neutrophils to mobilize calcium from both internal and external sources. '6 Central to the ability of neutrophils to transform a receptor-recognized signal into antibacterial responses is the necessity for the generation of second messengers DAG, IP,, and PA. Our data show that there is a pronounced age-related decrease in the ability to generate second messengers, especially within the first 30 seconds after FMLP challenge. This diminution in message producFor personal use only. on September 14, 2017 . by guest www.bloodjournal.org From tion could be due to age-related alterations in the FMLP membrane receptor. Numerous studies have examined the effects of age on membrane receptor number or function; most data have indicated that aging does not affect the r e~e p t o r ,~~.~' although an absolute decrease in membrane receptor number or affinity have been demonstrated in some cellular ~y s t e m s .~' .~~ Our results show essential constancy of neutrophil FMLP-receptor number and affinity with donor age, indicating that the cause of the age-related decrease in neutrophil signal transduction must be distal to the FMLP receptor.
The reduction in IP, generation that we see in old neutrophils could contribute to the decrease in mobilized calcium and subsequent reduction in degranulatory activity previously demonstrated.16 The age-effect on IP, generation has also recently been corroborated by another laboratory. 44 We observed no increase in DAG production in old neutrophils within the first 30 seconds after FMLP stimulation. This must reflect less generation of DAG via PLC-and PLD-mediated pathways. The latter has recently been reported to contribute the bulk of the increase in DAG after FMLP activation:' PLD acts on phosphatidyl choline and perhaps phosphoinositol to generate PA. This is, in turn, hydrolyzed to DAG via the action of the enzyme PA phosph~hydrolase.'~~ Therefore, the reduced generation of IP, and DAG could suggest that aging is associated with impairments of PLC and PLD activity. However, the identical rates of decrease of PIP, immediately after FMLP activation in the young and the old neutrophil argue that aging does not affect PLC activity (Fig 4A) . Similarly, the parallel rates of generation of PA in the young and the old implies that PLD activity is unchanged with age. Rather, our data strongly suggest that aging is associated with significantly lower concentrations of the metabolically active phosphoinositides (PI, PIP, PIP,), which are the precursors of DAG and IP,. Diminished precursor pools would also explain the significantly greater percent decrease, and the slower rate of return to basal of PIP, PI, and PIP, after FMLP stimulation in the old as compared with young neutrophils (Fig 4, A through C) . These results provide indirect evidence for reduced precursor pools as the method used involved radiolabeling rather than direct mass measurements of PA, PI, PIP, and PIP,. However, reduced pool sizes are the only plausable explanation of the results obtained. These observations have important implications for the understanding of age-related decrements in cellular function. We suggest that the prime cellular change occurring with age is an alteration in membrane lipid composition that is associated with reductions in critically important phosphoinositide pools. Age-related alterations in membrane lipids have been reported in other cell systems, including decreased membrane phospholipid, increases in membrane cholesterol and sphingomyelin concentrations, and elevations in cholestero1:phospholipid rat i o~.~~-~~ These changes have been shown to be associated with impaired cellular function and alterations in the signal transduction pathways in fibroblasts, neuronal tissue, and lymphocytes. Most important are the observations that in vitro and in vivo manipulations that alter membrane lipid composition can either reverse or aggravate age-associated declines in cellular f~n c t i o n .~.~~
The age-related reduction that we note in IP, and DAG generation does not result in a commensurate decrement in superoxide generation. This indicates that IP, and DAG generation may either not be involved in the initial activation of the NADPH oxidase or that they are not stringently rate limiting. It is possible that multiple pathways leading to activation of the oxidase may compensate for the diminished signal noted in the individual pathways leading to cellular response. Alteratively, our results would support the suggestion that PA is the major mediator of activation of the NADPH oxidase.'" In contrast to the significant decreases in DAG and IP,, PA production is only minimally (and not significantly) compromised with age. In the face of diminished precursor pools, adequate production of PA appears to occur at the expense of DAG generation, suggesting that PA production is more critical for cell activation. Moreover, the 15% decrease with age in superoxide generation and in PA production parallel each other.
We have strong evidence indicatiag that the age-related defect is limited to the early steps in the signal transduction pathway. Reductions in superoxide production were seen only when the neutrophil was stimulated with a receptorrecognized agonist, FMLP. When the membrane-receptor portion of the signal transduction pathway was bypassed by direct activation of PKC with phorbol ester, no age-related difference was detected. This is supported by our earlier work in which only minimal age-related differences were seen in superoxide production rates in PMA-stimulated neutrophils, or in PKC translocation and protein phosphorylation."
In Fura-2 loaded neutrophils, we demonstrate a significant reduction in the ability of old neutrophils to mobilize calcium after FMLP stimulation. We could correct for age-related deficiencies in calcium mobilization by treating the neutrophils with the ionophore ionomycin before FMLP stimulation. One minute after ionomycin challenge, the level of calcium in the neutrophils was raised to approximately those levels seen in cells that have only been stimulated with FMLP. At this point, young and old neutrophils did not differ either in cytosolic calcium concentrations or in superoxide production after stimulation with FMLP. Thus, we were able to restore cell function to normal in old neutrophils by exposure to ionophore treatment, as has also been demonstrated in other cell sysPriming of the neutrophil with sub-stimulatory doses of PMA also had restorative effects on FMLP-generated superoxide production in aged neutrophils. In unprimed cells we observed an approximately 17% reduction in superoxide production in old neutrophils when compared with young. In primed cells, this difference was reduced to only 5%. Priming with sub-stimulatory doses of PMA before the addition of FMLP has synergistic effects on the production superoxide by neutrophil^?^.'^ It is believed that priming with PMA potentiates the respiratory burst by tems.16.36.50
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From stimulating separate transductional pathways whose combined effects are greater than the sum of the There is also evidence to suggest that PMA causes the release of DAG from sources other than phosphoinositide, most likely choline-linked pho~phoglycerides.5~~~~ The release of these alternative sources of DAG during priming may alleviate the age-related defect we see in DAG generation on FMLP stimulation, resulting in near-normal cellular function.
Thus, our results localize the age-related decrease in cellular activation to a point distal to the FMLP receptor but proximal to the generation of IP, and DAG. The major defect appears to be an age-related reduction in the phosphoinositide precursors of IP, and DAG, although the cell can largely compensate for the attenuation of these pathways, perhaps via the adequate generation of PA. Although superoxide generation is, therefore, only modestly impaired, we must emphasize that aging causes a substantial reduction in the neutrophil's reserve capacity, making the cell particularly susceptible to further insults. For example, we have shown that feeding aged mice a protein-deficient diet results in additional reductions in superoxide generation. In these animals neutrophil function is severely compromised, significantly impairing their ability to phagocytose and kill ba~teria.~' Feeding young animals, in contrast to the old, a protein-deficient diet does not reduce function sufficiently to impair phagocytic or bacterial killing function.
Age-related decreases in signal transduction in the neutrophil are similar to and may serve as a model for defects noted with senescence in many other cellular systems. Reversal of the age-related decreases in signal transduction, as we have obtained when bypassing the defective components, should enable the development of strategies to improve cellular reserve capacity and minimize the risk of diseases that become prevalent in later life.
